Although some charophytes (sister group to land plants) have been shown to synthesize phytochelatins (PCs) in response to cadmium (Cd), the functional characterization of their phytochelatin synthase (PCS) is still completely lacking. To investigate the metal response and the presence of PCS in charophytes, we focused on the species Nitella mucronata. A 40 kDa immunoreactive PCS band was revealed in mono-dimensional western blot by using a polyclonal antibody against Arabidopsis thaliana PCS1. In two-dimensional western blot, the putative PCS showed various spots with acidic isoelectric points, presumably originated by post-translational modifications. Given the PCS constitutive expression in N. mucronata, we tested its possible involvement in the homeostasis of metallic micronutrients, using physiological concentrations of iron (Fe) and zinc (Zn), and verified its role in the detoxification of a non-essential metal, such as Cd. Neither in vivo nor in vitro exposure to Zn resulted in PCS activation and PC significant biosynthesis, while Fe(II)/(III) and Cd were able to activate the PCS in vitro, as well as to induce PC accumulation in vivo. While Cd toxicity was evident from electron microscopy observations, the normal morphology of cells and organelles following Fe treatments was preserved. The overall results support a function of PCS and PCs in managing Fe homeostasis in the carophyte N. mucronata.
Introduction
On the basis of their chemical properties, a number of heavy metals have been selected during plant evolution, becoming essential to several processes. The most important [i.e., iron (Fe), zinc (Zn), copper (Cu), and manganese (Mn)] are cofactors often required for enzyme activities and transcriptional regulation (Marschner, 2012) . However, although being essential up to certain levels, these elements may become toxic at supraoptimal concentrations. Similarly, toxic effects can be exerted by submicro-to micromolar concentrations of non-essential metal(loid)s, such as cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), etc. (Rea et al., 2004) .
Since plants acquire essential elements from their surroundings, they need an efficient system to obtain and maintain physiological levels of the required ions and, simultaneously, to quickly discriminate between essential and non-essential ones. A widespread strategy evolved by plants to regulate intracellular levels of heavy metals operates through phytochelatins (PCs), a class of heavy metal-inducible, cysteine-rich oligopeptides that segregate metal ions, particularly Cd, in vacuolar/lysosomal compartments (Cobbett and Goldsbrough, 2002) . PCs are produced by the enzyme phytochelatin synthase (PCS; EC 2.3.2.15), a γ-glutamylcysteine dipeptidyl (trans)-peptidase, constitutively expressed in the cytosol and belonging to the clan CA of papain-like cysteine proteases (Vivares et al., 2005; Romanyuk et al., 2006; Rea, 2012) .
In stark contrast to the significant number of studies carried out on the PCS function in angiosperms, only a few investigations have been performed on early plant lineages, despite their importance as fundamental landmarks in evolution. Charophytes (Charophyta; syn., basal Streptophyta) are a paraphyletic group of green algae sharing several strong biochemical, molecular, physiological, and ultrastructural similarities with land plants (Leliaert et al., 2012; Domozych et al., 2016; Harholt et al., 2016; Holzinger and Pichrtová, 2016) . As charophytes encompass the putative algal ancestor of land plants (Hori et al., 1985; Kenrick and Crane, 1997; McCourt et al., 2004; Qiu et al., 2006; Qiu, 2008; Becker and Marin, 2009; Wodniok et al., 2011; Leliaert et al., 2012; Bowman, 2013; Wickett et al., 2014; Delwiche and Cooper, 2015; Domozych et al., 2016; Harholtet al., 2016; Holzinger and Pichrtová, 2016) , they can provide important "primeval" information, which is fundamental in reconstructing several biological functions from an evolutionary point of view (Schneider et al., 2015; Domozych et al., 2016; Lütz-Meindl, 2016) . In this regard, it has been hypothesized that, from the Ordovician-Silurian periods onwards (or even before, beginning from the middle Cambrian; Graham et al., 2014; Morris et al., 2018) , a number of charophytes moved from water environments to limnetic transition areas, and then to land environments, where they were presumably exposed to novel or more severe levels of stress, e.g., drought, extreme temperatures, UV radiation, etc. (Graham, 1996; Becker and Marin, 2009; Graham et al., 2014) . Even more so, some terrestrial charophytes competed successfully with early land plants in the course of the Ordovician (Graham et al., 2014) .
As far as PC synthesis in extant charophytes is concerned, Volland et al. (2013) showed that, under Cd treatment, the unicellular Micrasterias denticulata (Zygnematales) produced PCs. Furthermore, although Petraglia et al. (2014) did not detect any immunoreactive PCS signal in Spirogyra sp. (Zygnematales), Chara vulgaris (Charales) and Coleochaete scutata (Coleochaetales), they demonstrated that these charophytes were able to synthesize Cd-induced PCs, in particular the oligopeptides PC 2 , PC 3 and PC 4 .
Besides the well-known role of PCs in non-essential metal(loid)-detoxification (Cobbett and Goldsbrough, 2002) , these thiol-peptides may also play a part in the regulation of essential metal homeostasis, as preliminarily demonstrated in angiosperms (Grill et al., 1988; Loscos et al., 2006; Ramos et al., 2008; Tennstedt et al., 2009; Vurro et al., 2011) . The main objection to an exclusive role of PCs in plant cell detoxification of non-essential metal(loid)s is based on various characteristics of the PCS enzyme, namely: i) its constitutive expression, independent on exposition to toxic metal(loid)s (Clemens and Peršoh, 2009) ; ii) the apparently ubiquitous presence of homologous PCS gene (s) in plants growing in ecosystems that are geographically distant from heavy metal contamination (Clemens, 2006; Clemens and Peršoh, 2009; Volland et al., 2013; Olsson et al., 2017) ; iii) the recurrent absence of a correlation between PC levels and adaptive metal tolerance, the latter being typical of metal-hyperaccumulating plants, which are able to accumulate extremely high concentrations of metals without relying on a "hyper-enhanced" synthesis of PCs (Rascio and Navari-Izzo, 2011) .
The possible involvement of PCS in the homeostatic control of metal micronutrients, such as Fe(II)/(III) and Zn, however, is still unclear in almost all land plants, as well as in charophytes. Actually, although Fe has always been abundant in the Earth's crust, it has had and continues to have serious bioavailability and insolubility problems, particularly in the aqueous medium (Cox, 1995; Fraústo da Silva and Williams, 2001) , and specifically in freshwaters, in which most extant charophytes commonly live. Fe also possesses borderline chemical/environmental properties, in that it can potentially bind various atoms, including the sulphur (S) (Cox, 1995) of the thiolic groups of PCs. Thus, Fe can reasonably become a substrate for PCS, as it has been shown in the ancient liverwort Lunularia cruciata, where Fe(II) (and, slightly, Zn) activated the PCS enzyme in vitro .
When delving into the past to understand the present, it is extremely important to focus on organisms that can provide primeval information. The charophyte genus Nitella is considered to be a close algal relative of land plants (Hori et al., 1985; Graham, 1996; McCourt et al., 2004; Qiu, 2008) , and from an ecological point of view it usually inhabits freshwater environments with intermediate trophic levels (Caisová et al., 2008) where metal micronutrients often represents growth-limiting factors (Urbaniak and Gąbka, 2014 Chiaudani and Vighi (1977) , Marschner (2012) , Immers et al. (2013) , Degola et al. (2014) , and Petraglia et al. (2014) . In the same number of culture tubes, no metals were added (controls), but supplied with an identical volume of the above oligomineral water, as for metal treatments. All tubes were placed in a growth chamber at 20 ± 1°C for 5 days, under a photoperiod of 16 h light (PPFD = 60 μmol m −2 s −1
)/8 h dark. After rinsing with double-distilled water, the samples were gently blotted dry with filter paper, individually placed in other sterilized tubes (Falcon™ 15 mL), frozen in liquid nitrogen, and briefly stored at −80°C for further analyses.
Mono-dimensional-and two-dimensional western blotting of phytochelatin synthase
Proteins from N. mucronata samples (central stalk and branches from three biological replicates, 200 mg FW each), untreated with metals (controls), were extracted with 400 μL lysis buffer, as described in Petraglia et al. (2014) . The total protein content was determined according to the Bradford protein assay (Bradford, 1976) , using bovine serum albumin as standard. For mono-dimensional (1-D) electrophoresis, 18 μg of total protein per well were loaded on a 12% SDS-polyacrylamide gel and electro-transferred at 100 V for 60 min onto a nitrocellulose membrane (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using the Mini Trans-Blot cell apparatus (Bio-Rad Laboratories, CA, USA). Protein loading and transfer efficiency of extracts were verified by the Ponceau-S staining (not shown). For two-dimensional (2-D) electrophoresis, protein extracts were precipitated with trichloroacetic acid/acetone, then re-suspended in a rehydration buffer (8 M urea, 2% w/v CHAPS, 50 mM DTT, 0.2% v/v Bio-Lyte 3/10 BioRad ampholites, Bromophenol Blue in traces), and 125 μg of proteins were loaded on 7 cm-long ReadyStrip ® IPG Strips, pH interval 3.0-10.0. 2D-electrophoresis was carried out using the Protean IEF system (Bio-Rad), following the manufacturer's instruction. Gels were then stained with SYPRO ® Ruby Protein Stain (Bio-Rad) and images acquired using the Versadoc Imaging System (Bio-Rad). After the image digitization, gels were immersed for 20 min in Laemmli buffer (Laemmli, 1970) and briefly washed with transfer buffer (25 mM Tris, 192 mM glycine, pH 8.3, 20% v/v methanol), then proteins were electro-transferred on nitrocellulose membrane as described above.
For both 1-D and 2-D western blot analyses, immunoreactivity was assayed with a polyclonal antibody (diluted 1:5000 in blocking buffer and probed for 2 h) raised against A. thaliana PCS1 (AtPCS1, 56 kDa) (Ruotolo et al., 2004) . The membranes were incubated with a secondary antibody (anti-rabbit linked to peroxidase activity for ECL, Amersham, GE Healthcare), at a dilution of 1:5000, for 1 h. The peroxidase activity was developed by ECL solutions (ECL western-blot Detection, Amersham, GE Healthcare).
2.3. Phytochelatin synthase activity assays and phytochelatin characterization by HPLC-mass spectrometry N. mucronata PCS activity was assayed in central stalk and branches (250 mg FW per sample), cut from plants cultivated as described above, in the absence of any supplied metal (control). All the material was assayed in vitro, mainly following the protocol by Wojas et al. (2008) and Petraglia et al. (2014) , with the only difference that, for each metal to be tested, the extraction and reaction buffers contained (one at a time): 50 μM Fe(II), 100 μM Fe(II), 30 μM Fe(III), 50 μM Fe(III), 100 μM Fe(III), 100 μM Cd, 30 μM Zn, 50 μM Zn (salt forms as in point 2.1), and the same volume of double-distilled water in controls. After an incubation-time of 90 min at 35°C, and termination of the reaction with 125 μL 20% trichloroacetic acid, the measure of the PCS activity was immediately performed by HPLC-electrospray ionization mass-spectrometry (HPLC-ESI-MS) with a LTQ Orbitrap XL (ThermoElectron Corporation, MA, USA), set as described in Petraglia et al. (2014) . Chromatographic elution was carried out on a Supelco Ascentis Express r. p. C 18 column (Sigma-Aldrich, Milan, Italy). The PCS in vitro activity was determined from the integrated PC peak areas, and expressed as pmol PCs g −1 FW min −1 . For the in vivo detection of PCs, the metaltreated and control plants (250 mg FW for each sample, central stalk and branches) were homogenised in mortar, in ice-cold 5% (w/v) 5-sulfosalicylic acid containing 6.3 mM diethylenetriaminepentaacetic acid (DTPA), according to de Knecht et al. (1994) and Petraglia et al. (2014) . After centrifugation at 10,000xg for 10 min at 4°C, the supernatants were filtered through Minisart RC4 0.45 μm filters (Sartorius, Goettingen, Germany) and immediately assayed by HPLC-ESI-MS (followed by HPLC-ESI-MS/MS), as detailed in Petraglia et al. (2014) .
Transmission electron microscopy and X-ray microanalysis
For transmission electron microscopy (TEM), 5-mm segments from fresh N. Mucronata untreated branches (control), or exposed to 30 μM Fe(II), or 30 μM Fe(III), or 30 μM Zn, or 36 μM Cd, were fixed at room temperature for 2 h in 3% glutaraldehyde dissolved in 0.065 M phosphate buffer, pH 7.2-7.4, postfixed for 1.5 h at room temperature with 1% OsO 4 in the same buffer, dehydrated with ethanol up to propylene oxide, and finally embedded in Spurr's epoxy resin for 24 h at 70°C. At least 30 ultrathin sections (40 nm-thick) were mounted on Cu grids, stained with Uranyl Replacement Stain UAR (Electron Microscopy Sciences, Hatfield, PA, USA), as described in Nakakoshi et al. (2011) , and with Reynold's lead citrate, then observed by a Philips EM 208S TEM (Philips, Eindhoven, The Netherlands) at an accelerating voltage of 80 kV.
For TEM X-ray microanalysis, at least 30 unstained ultrathin sections (40 nm-thick) of branches, exposed to the same metals as above (plus controls), were fixed, postfixed, dehydrated and embedded in Spurr's epoxy resin (see above), mounted on 100-mesh nylon grids and placed in a Jeol JEM-2010 TEM (Jeol Italia S. p.A., Basiglio, MI, Italy), equipped with the energy dispersive X-ray spectrometer "Oxford INCA 100". The accelerating voltage was 20 kV and the specimen probe size 30-50 nm in diameter. X-ray counts were made on 30 different areas per sample, over a counting time of 100 s.
Statistics
Differences were evaluated by the nonparametric Kruskal-Wallis test (p < 0.05 and < 0.01), SPSS version 20.0 (IBM-SPSS Statistics, Armonk, NY, USA). Results were expressed as mean ± SE, n = 5. All the experiments were performed at least three times.
Results

Western blotting of phytochelatin synthase
In 1-D western blot analysis, N. mucronata showed a constitutive, western-immunoreactive PCS signal with a molecular mass of approx. 40 kDa (Fig. 1A) . In 2-D western blot, an acidic constitutive PCS signal of about 40 kDa was detected (Fig. 1B) . As highlighted by magnification (inset of Fig. 1B) , the 2-D signal consisted of about five immunoreactive spots. The metals inducing the PCS activity in vitro were Fe(III) ≥ Cd = Fe(II), whereas Zn did not affect such activity, compared with controls (Table 1A) . Fe(II) and Cd induced the in vitro synthesis of PC 2 only, whereas Fe(III) induced the synthesis of PC 3 as well.
Phytochelatin synthase activity and phytochelatin characterization upon metal ion treatments
The ability of N. mucronata to synthesize PCs in vivo was verified after a 5-day-exposure to different metals (and relative controls). The results, presented in Table 1B, showed that the PCS was activated by Fe (III) = Cd ≥ Fe(II), thus substantially confirming the overall results of the in vitro assays (Table 1A ). In particular, 18 μM Cd induced in vivo (metaluntreated) , showing an immunoreactive PCS band of about 40 kDa, compared with the putative PCS (40 kDa) from Selaginella denticulata (lycophyte) and the recombinant AtPCS1 (56 kDa) from Arabidopsis thaliana. (B) 2-D western blot of N. mucronata total protein extract, with a multispot PCS signal of about 40 kDa, pI 4.8-4.9 (framed by the rectangle); on the left, the recombinant AtPCS1 (56 kDa) run on the second dimension only. The inset shows a magnification of the five-spot-signal given by the putative PCS from N. mucronata. For both immunochemical analyses, a polyclonal antibody raised against A. thaliana PCS1 was employed. Both 1-D and 2-D western blots were performed in triplicate, and representative ones are shown in the figure.
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Plant Physiology and Biochemistry 127 (2018) Table 1B) . In Zn-exposed plants, almost undetectable levels of PC 2 were measured, as to the controls (Table 1B) . Fig. 2A shows representative HPLC-ESI-MS chromatograms of the PCs produced by N. mucronata, exposed to 18 μM Cd for 5 days. The chromatograms for Fe(II)/(III)-induced PCs in vivo were nearly identical, except for the lack of PC 3 and PC 4 . PC 2 and PC 3 identities were confirmed by the relative MS/MS fragmentation patterns (Fig. 2B ).
Ultrastructural analyses
Branches of N. mucronata samples not exposed to the metals (control) showed a normal ultrastructure (Fig. 3A-C) . The cells, surrounded by thick walls, contained ovoidal chloroplasts with a well-developed thylakoid system and abundant starch. The mitochondria showed numerous cristae and an electron dense matrix. By contrast, Cd-exposed samples were severely damaged; the starch deposits almost completely disappeared, the thylakoid system was disarrayed (Fig. 3D-E) , and the cytoplasm contained multilamellar/multivesicular bodies (Fig. 3F) . In both Fe(II) and Fe(III)-exposed samples, the chloroplasts retained instead a normal ultrastructure and abundant starch (Fig. 3G, H, J) , and mitochondria showed a well-preserved appearance (Fig. 3I, L) . A prominent feature of Fe(III)-exposed samples was the presence of cytoplasmic vesicles with an electron dense content (Fig. 3K) ; X-ray microanalysis showed a Fe peak associated with these structures (see Fig. 3P for a representative spectrum) . Finally, Zn-exposed samples showed cells with a normal and well-conserved ultrastructure ( Fig. 3M-O) .
Discussion
The discovery of the ability to produce PCs even in very ancient plant lineages, following a rapid activation of constitutive PCSs Petraglia et al., 2014) , poses the fundamental question whether PCs and PCSs should be exclusively considered as part of a mere non-essential metal(loid)-detoxifying mechanism, or as components of a broader system aimed at regulating essential metal homeostasis. With the aim to provide a more comprehensive picture in this direction from a phylogenetic point of view, we verified whether PCS is constitutively expressed and active in N. mucronata, a member of charophytes, soundly demonstrated to be close relatives (sister group) of land plants (see the relative refs. in the Introduction section). N. mucronata can in fact be investigated to assess whether primeval plants in past environmental conditions may have developed a metal ionhomeostasis regulating-system, which has been conserved up to the present days and further improved by land plants to adapt to the terrestrial environment.
In this work, a PCS enzyme was identified and immunocharacterized for the first time in a charophyte (specifically in N. mucronata), and tested against homeostatic concentrations of the essential metal micronutrients Fe(II)/(III) and Zn, as well as against the non-essential heavy metal Cd. The results of 1-D and 2-D western blots confirmed that N. mucronata constitutively expresses a putative PCS of about 40 kDa, which shows an almost identical molecular mass as the one from the lycophyte Selaginella denticulata . In this context, the N. mucronata PCS's molecular mass, compared to the much lighter/shorter PCSs of freshwater, non-extremophilic chlorophytes (i.e. Chlamydomonas reinhardtii, Volvox carteri, Chlorella variabilis, etc.; https://www.ncbi.nlm.nih.gov/protein/), could be seen as a "key-innovation" releasing old lineages from constraints, and enabling them to invade new adaptive environments (Graham, 1996) . Actually, it has been suggested that increases in PCS mass/length may confer both a better thermal stability and a significant improvement in supporting broader responses to metal ions (Ruotolo et al., 2004) , as well as in protecting the cells against metal-induced oxidative damage (Matsumoto et al., 2009) . In fact, charophytes lived for very long time on lands -and were therefore well-adapted -before the full spread of land plants (Graham et al., 2014; Harholt et al., 2016) . Some of them have returned back to freshwater environments after quite a long colonization of aeroterrestrial paleoenvironments, thus acquiring most of the biochemical-molecular and ultrastructural features typical of a number of early land plants, i.e. lycophytes as S. denticulata (Qiu et al., 2006; Delwiche and Cooper, 2015) . Furtherly supporting this view, in the recently sequenced genome of the charophyte Klebsormidium flaccidum (Klebsormidiales), a putative PCS with a comparable length to that of land plants was identified (Hori et al., 2014) . Unfortunately, previous attempts to immunochemically detect PCS bands in other charophytes, such as Spirogyra sp., Chara vulgaris, and Coloechaete scutata, failed, although all of them were able to produce significant amounts of Cd-induced PCs .
As far as the 2-D western blot of the N. mucronata PCS is concerned, it clearly shows a "train" of spots, suggesting the presence of multiple isoforms of the protein. This pattern could be due to increasing numbers of post-translational modifications, such as phosphorylation, which may result in protein isoelectric point shifts. In the case of AtPCS1, for which the constitutive expression has been shown at both transcriptional and translational levels (Cobbett, 2000; Vatamaniuk et al., 2000) , post-translational modifications can be invoked as a means of regulating the enzyme activity. Wang et al. (2009) showed that the AtPCS1 can be post-translationally activated by a specific phosphorylation at the threonine 49 level, which is in close proximity to the catalytic site of PCS. 11.8 ± 2.4 9.4 ± 1.9 1.4 ± 0.2 22.6 ± 4.5 ad Cd 36 μM 17.5 ± 6.7 16.3 ± 2.3 n.d. 33.8 ± 9.0 acd Zn 30 μM 7.1 ± 3.7 n.d. n.d. 7.1 ± 3.7 be Control 5.5 ± 2.4 n.d. n.d. 5.5 ± 2.4 e (n.d. = not detected).
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From a functional point of view, the metal induction profile of N. mucronata PCS displays some good similarities with the PCSs of land plants. In fact, in modern tracheophytes, particularly in angiosperms, it has been observed that Fe was able to activate the PCS enzyme, thus leading to the conclusion that the synthesis of PCs might not only reflect a metal detoxification strategy, but also supports a PC involvement in the homeostasis of metal micronutrients, particularly Fe and Zn (Loscos et al., 2006; Ramos et al., 2008) . Also the constitutively expressed PCS of the holoparasitic angiosperm Cuscuta campestris, and the associated PC production, were aimed at regulating the homeostasis of essential metals, such as Zn and Cu (Vurro et al., 2011) . Moreover, Fe deficiency promoted the expression of PCS genes in Vigna radiata (Muneer et al., 2014) and increased the synthesis of Cd-induced PCs in Hordeum vulgare (Astolfi et al., 2012) .
Detectable PC synthesis in N. mucronata is induced by relatively low concentrations of Fe, which, according to the ultrastructural analyses carried out, is not toxic for the plant. Overall, it appears reasonable that the induction of PCs by Fe could be triggered by the need to preserve homeostatic levels of the nutrient, rather than to control potentially toxic cellular concentrations. Thus, it is likely that at the relatively low Fe concentrations used in this study, PCs provided a prompt system for short-term control of Fe availability through its reversible accumulation in the vacuole and/or in vesicular bodies, in a process closely resembling the one employed by land plants for heavy metal detoxification (Peng and Gong, 2014) . Also in the charophyte M. denticulata, exposure to Fe not only prevented ultrastructural alterations, but even improved cell development and photosynthetic activity under subsequent Cd exposure (Volland et al., 2014) .
In our experiments, the extensive toxicity symptoms observed in N. mucronata exposed to 36 μM Cd (severely damaged chloroplasts, cytosolic multilamellar bodies, etc.), support the lack of efficient detoxification mechanisms, at least when Cd is supplied at this concentration. In addition, the lack of starch may suggest impairment of the photosynthetic activity. Similarly, chloroplast heavy alterations, the presence of multivesicular bodies, and autophagosome formation have been reported at Cd concentrations ranging from 5 to 150 μM in M. denticulata (Andosch et al., 2012; Volland et al., 2014) , in the freshwater moss Leptodictyum riparium (Esposito et al., 2012) and in other bryophytes (Carginale et al., 2004; Basile et al., 2012 Basile et al., , 2013 Degola et al., 2014) . 
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Plant Physiology and Biochemistry 127 (2018) 88-96 Multilamellar/multivesicular bodies are ultrastructures often related to autophagy and endocytic phenomena (Thompson and Vierstra, 2005) , and could originate as an accretion of undigested membranes from endocytosis. The appearance of autophagy after Cd treatment in M. denticulata could be regarded as a survival strategy aimed at eliminating severely damaged organelles (Andosch et al., 2012) . Thus, these structures might perhaps contribute, together with PCs, to the intracellular defence against the toxic effects of Cd. Finally, Zn treatments did not show any particular alteration in the N. mucronata cell ultrastructure, compared with controls. The substantial unresponsiveness of N. mucronata PCS to Zn indicates that in the course of plant evolution the specificity of PCS activation by different metals has been subjected to notable variation, since some PCSs have been shown to be induced by Zn, albeit at moderate levels (Grill et al., 1988; Loscos et al., 2006; Ramos et al., 2008; Tennstedt et al., 2009; Vurro et al., 2011; Degola et al., 2014) .
Taken together, the results obtained in this work indicate that the PCS enzyme of the charophyte N. mucronata manages Fe(II)/(III) homeostasis and, at the same time, is activated by Cd stress. Digging deeper into PCSs and PCs (Fig. 4) present in other phototrophs with a Fig. 4 . Evolutionary importance of phytochelatins in metal(loid) homeostasis/detoxification/tolerance. Our general hypothesis, corroborated also by the data presented in this work, is that PCs are broadly necessary for controlling the homeostasis of metal micronutrients, particularly Fe(II)/(III). Besides, the high PC affinity towards a number of sulphur-seeking toxic metal(loid)s confers to these thiol-peptides the well-known ability to chelate and segregate them in the vacuolar/lysosomal compartment. However, as demonstrated by a number of experiments dealing with metal(loid)-hyperaccumulators, PCs are not responsible for the metal(loid) adaptive hypertolerance shown by these peculiar metallophytes. Thus, our hypothesis is that the evolutionary importance of PCs progressively decreases from the pyramid base (homeostatic needs) towards the middle part (detoxification), reaching the minimum at the top (adaptive tolerance).
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